I. INTRODUCTION
InGaN-based semiconductors have been used intensively as light emitting diodes ͑LEDs͒ and laser diodes due to their wide direct band gap ranging from green to ultraviolet light. 1 However, the quantum efficiency is limited in the conventional c-plane polar structure due to the built-in electric field called quantum confined Stark effect ͑QCSE͒. This built-in electric field would decrease the oscillator strength of the electron-hole pairs and reduce the carrier recombination rate. Thus in highly efficient InGaN/GaN multiple quantum wells ͑MQWs͒ based devices, the InGaN well has a thickness of less than 3 nm to avoid degradation of the light emission by the QCSE. Moreover, because of the low miscibility of InN in GaN, there exists partial phase segregation within InGaNbased structures. 2 This partial phase segregation and composition inhomogeneity would result in exciton localization within some indium-rich regions. 3 Consequently, the luminescence efficiency could be enhanced due to the effective carrier confinement in the localization states. Such exciton localization effect is influenced by the quantum well thickness, indium compositions, and doping concentration. For c-plane InGaN/GaN MQWs, the influence of indium compositions on the optical characteristics has been studied extensively in order to optimize InGaN/GaN MQW quantum efficiency. 4, 5 Recently, several groups have grown samples with nonpolar structures in order to eliminate the built-in electric field. 6 Our group also reported the influence on optical properties of a-plane In 0.23 Ga 0.77 N MQWs with different well width ranging from 3 to 12 nm and we found the photoluminescence ͑PL͒ intensity decreased as the well width was increased especially for those larger than ϳ6-7 nm. 7 Nonpolar InGaN/GaN MQWs containing less indium can be used to extend the light emission to the green spectral range due to the absence of QCSE, which is still a challenge for high efficiency InGaN/GaN MQW LEDs and lasers. Up to now, however, the structural and optical properties of nonpolar InGaN/GaN MQWs are still inferior compared to their mature c-plane grown counterpart due to much higher dislocation densities when grown on r-plane sapphire substrates.
In this paper, the optical properties of the a-plane ͓1120͔ In x Ga 1−x N / GaN MQWs on r-plane sapphire substrates with different indium compositions ͑x ϳ 9%, 14%, 24%, and 30% with well width of ϳ4.5 nm͒ have been investigated by means of PL, cathodoluminescence ͑CL͒, and time resolved PL measurements ͑TRPL͒. The influence of indium composition on luminescence efficiency in InGaN/GaN MQWs as well as polarization properties is discussed.
II. EXPERIMENT
The 1.5-m-thick a-plane ͓1120͔ bulk GaN was grown by Aixtron 2400G3 multiwafer low pressure metal-organic chemical vapor deposition ͑LP-MOCVD͒ on r-plane sapa͒ Authors to whom correspondence should be addressed. Electronic addresses: chchiu.eo95g@nctu.edu.tw and hckuo@faculty.nctu.edu.tw. phire substrates using conventional two-step growth technique. 8 Four samples with identical structure and 10 pairs of 4.5-nm-thick InGaN well/18-nm-thick GaN barrier MQWs were under the same growth condition except for the growth temperature. The growth temperature for the four samples was controlled at 870, 850, 830, and 810°C, respectively. The anisotropic strain within nonpolar structures will result in more complex Poisson ratio. After high resolution x-ray diffraction measurements, we could estimate the indium compositions to be ϳ9%, 14%, 24%, and 30% for InGaN/GaN MQW samples. 
III. RESULTS AND DISCUSSIONS
First, the power-dependent PL measurement of the four samples at room temperature was performed as shown in Fig. 1͑a͒ . All samples were excited by a 325 nm He-Cd laser with an excitation power of 35 mW and the emitted luminescence light was collected through a 0.32 m spectrometer with a charge-coupled device detector. The focused spot size of the laser was estimated to be about 200 m in diameter. As illustrated in Fig. 1͑a͒ , the room-temperature PL peak emission energy of InGaN/GaN MQWs decreases from 2.89 to 2.36 eV through all samples despite various excitation power. Furthermore, all samples show extremely small shift in emission peak energy with increasing the pumping power from 0.4 to 35 mW. The integrated PL intensity was fitted based on the relation I ϳ P ␣ , where I is the integrated PL intensity, P is the excitation power density, and ␣ is the power index. Shown in Fig. 1͑b͒ are the fitting results of integrated PL intensity. While increasing indium composition from 9% to 30%, the ␣ factors of the four samples were 1.04, 1.08, 1.04, and 1.01, respectively. From the negligible PL peak emission energy shift and nearly identical ␣ factors, it is suggested that the QCSE is extremely small or absent in our a-plane InGaN/GaN MQWs with indium compositions varying from ϳ9% to 30%. Figure 2 shows the temperature-dependent PL spectra taken from 20 to 300 K at an excitation power of 30 mW. At low temperature, the spectra exhibit a multiple-peak feature and can be decomposed into two dominant peaks, higherenergy emission ͑denoted by P H ͒ and lower-energy emission ͑denoted by P L ͒. As the temperature increases, the peak intensity of P H quenches quickly and the P L becomes dominant for all InGaN/GaN MQW samples. It is suggested that P H is a MQW-related emission and P L is from the deep localized states. This argument will be discussed by TRPL results later.
To further clarify the PL mechanism, the 20 K PL spectra were decomposed into a sum of two Gaussian curves, P H and P L , mentioned above. Fitting results are shown in Figs. 3͑a͒ and 3͑b͒ for four InGaN/GaN MQWs samples. In Fig.  3͑a͒ , we can clearly see that both emission peak energies decreased as the indium concentration increased. On the other hand, the peak emission difference seems to be gradually increased from 240 to 290 meV. The difference between these two emission peaks suggests that the higher the indium compositions, the deeper the localized centers existing in InGaN/GaN MQWs. Thus the carrier would be easier to migrate to the lowest state in the high indium concentration sample. This phenomenon could explain the enhanced peak intensity ratio of the P L to P H peaks as indium concentration increased. Figure 3͑b͒ summarizes the full width at half maximum ͑FWHM͒ of these two peaks for all samples at 20 K. It is noteworthy that the FWHM of the P L peaks keeps constant in all samples while that of the P H peak increases linearly with indium compositions. This broadening phenomenon of the P L peak indicates that an increasing degree of compositional and structural disorders with increasing indium concentration deteriorates the crystal quality in the quantum wells, which has been extensively reported.
In addition, the evolution with temperature of the peak shift of P L peak for the four samples investigated here is given in Fig. 3͑c͒ , where the peak positions at 20 K are the reference. The peak shift of PL varies as a function of temperature from 20 to 300 K and exhibits a continuous redshift. With increasing indium composition, the total redshift value at room temperature in Fig. 3͑c͒ reduced from 85 to 30 meV. The smaller redshift may be due to more localization centers with higher indium compositions. 10 Thus the confinement of the localization would be improved as we increase indium composition, which is consistent with the result of Fig. 3͑c͒ . It has been studied that the carrier could receive activation energy to thermalize from the potential minima, the radiative or localized centers, to nonradiative or delocalized centers as the temperature is increased.
11 Therefore, it is expected that the deeper localization with better confinement should have larger activation energy. In order to further verify that, the experimental temperature-dependent PL data were fitted by Arrhenius equation to investigate the carrier behavior during the thermal processes, 12 
I͑T͒
where I͑T͒ is the temperature-dependent PL intensity, I 0 is the PL intensity at 20 K, K B is Boltzmann's constant, A and B are the rate constants, and E a and E b are the activation energies for two different nonradiative channels, which can be distinguished for the low temperature and high temperature regions. 13 The fitted activation energy of the four samples is listed in Fig. 4 . As expected, the activation energy gradually increases and reaches the maximum value of 110 meV when indium composition is 24%. It has been reported that several defects such as V-defects, stacking faults, and dislocations will be formed in the MQWs during sample growth, resulting in deterioration in the structural and optical properties of MQWs. 14 Consequently, as indium composition is continuously increased, large numbers of defects may exist in our samples. Photogenerated carriers will be easily trapped by high-density nonradiative centers before they reached the potential minimum. Thus the activation energy of InGaN/GaN MWQs with 30% indium composition lowered to 85 meV. Furthermore, the TRPL measurements at 15 K were performed to investigate the effects of indium compositions on the carrier recombination mechanism as shown in Fig. 5 . The experimental data exhibit a nonexponential called stretched exponential decay shape, which is a characteristic of the emission from disorder quantum structures such as the localized states.
15, 16 The TRPL results can be fitted by the stretched exponential decay shape,
where I͑t͒ is the PL intensity at time t, ␤ is the dimensionality of the localized centers, and 1 and 2 represent the initial lifetimes of the carriers. Normally, the fast decay term 1 is used represent PL since the PL intensity is limited by the fast decay component, 17 so we labeled all fitted 1 near the curves. From Fig. 5 , we found that the fitted lifetime of 1 equals 418, 405, 391, and 289 ps in P L and 491, 457, 416, and 375 ps in P H for indium composition changing from 9% to 30%. It first shows that the P L peaks have shorter lifetime than P H peaks in all samples. The results of shorter lifetime of P L coincide with the stronger emission intensity than the P H showing in the inset of Fig. 5 , since it corresponds to a higher recombination rate at low temperature. Therefore, it is reasonable to assign the P H and P L to MQWs-related and localized states emission, respectively. Second, the carrier lifetime of P L slightly decreased as indium composition is below 24%, but dropped from 391 to 289 ps as the indium composition increased from 24% to 30%. As expected, the integrated PL intensity is reversely proportional to the carrier lifetime as x is below 24%. However, contrary to our expectations, the PL intensity of the sample with 30% indium composition drops to about only 1/5 compared to the luminescence intensity of the sample with 24% indium composition. It is known that the nonradiative lifetime is much shorter than radiative lifetime, so the appreciable reduction in lifetime and PL intensity revealed the fact of large number of nonradiative centers in the sample with 30% indium composition. 18 For the InGaN alloy system, nanoscale fluctuations in the local indium concentration are expected to form easily and produce more disorder. Therefore, the carrier recombination is probably determined by another nonradiative mechanism. Further evidence of indium phase segregation by CL image mapping will be discussed later. In addition, the lifetime extracted from the a-plane samples under 15 K is much shorter ͑Ͻ0.5 ns͒ than that of c-plane MQWs reported in previous literature ͓ϳ5.8 ns ͑Ref. 6͔͒.
Taking luminescence efficiency into consideration, CL mapping measurement could provide constructive information. Figure 6 shows the CL images of the four samples with a JEOL-JSM 6500 scanning electron microscope under an accelerating voltage of 15 kV at room temperature. The four images were scanned at monitoring the respective peak emission wavelength. At first glance, the nonuniform emission patterns are observed from all samples, which were mainly due to the indium composition fluctuation and the phase separation. 19 Interestingly, it is found that, with the increase in indium composition, the emission area and intensity gradually increase and, hence, exhibit a better uniformity emission pattern, except for the sample with highest indium compositions. It suggests that In 0.24 Ga 0.76 N / GaN MQWs sample has relatively higher luminescence efficiency among these samples.
In order to demonstrate the optical characteristic of nonpolar MQWs, the polarization-dependent PL measurement was taken. Shown in Fig. 7 is the polarization ratio plotted as the function of indium compositions at 20 and 300 K. The degree of polarization ͑DOP͒ is defined as DOP= I Ќ − I ʈ / I Ќ + I ʈ , where IЌ and I ʈ are PL intensities represented for E Ќ C and E ʈ C. As we can see from Fig. 7 , DOP decreased as temperature increased in all samples. This feature might be explained that carriers in these samples have sufficient energy to be thermally distributed to the other local minimums states. Accordingly, the DOP decreases with increasing temperature. 20 In addition, DOP decreases with increasing indium composition. The decrease in the DOP might be attributed to the enhancement of zero-dimensional nature of the localizing radiative centers, most of which are the dotlike indium-rich region in MQWs. Therefore, with increasing indium compositions, more carriers would be confined at localization centers which then reduces the DOP.
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IV. CONCLUSION
In summary, the optical properties of the samples grown by LP-MOCVD on r-plane sapphire with different indium compositions ranging from 9% to 30% were investigated. All samples manifest two distinguishable emission peaks, where the high-energy and low-energy peaks were attributed to quantum wells and localized states, respectively. No obvious emission peak shift is observed from the power-dependent PL measurement for all samples, which is the evidence to the absence of QCSE. While the indium composition was raised to 24%, the increase in activation energy and decrease in carrier lifetime implied that more and deeper localized states formed and contribute to better quantum efficiency. However, the MQWs sample with 30% indium composition reveals dramatic reduction in activation energy and lifetime at low temperature. The observation implied the large numbers of defects formed in high indium samples, consistent with earlier literatures. Besides, from the polarization-dependent PL measurement, the DOP reduced in increasing temperatures and indium compositions. The phenomenon might be related to the enhancement in zero-dimensional nature of the localized radiative centers. These results suggest that In 0.24 Ga 0.76 N / GaN MQWs sample has the relatively higher luminescence efficiency among these samples, which provides useful guidance for the fabrication of high efficiency LEDs with a-plane InGaN/GaN MQW structures. 
